Background: Obtaining regular screening exams can significantly reduce colorectal cancer (CRC) mortality. Most CRC models to date have assumed ''ideal conditions'' such as 100% compliance, and the effects of CRC screening tests have been assessed only under these conditions. In this study, we assess cost-effectiveness incorporating real-world patient preferences and compliance. Methodology: We built an agent-based simulation model to assess the effect of compliance and patient preferences. Baseline values were derived from the 2003 and 2005 National Health Interview Survey, and effectiveness and cost parameters were obtained through literature review. Initial screening compliance was 45%, and compliance with follow-up diagnostic tests was 75%. Results: The current level of screening reduces CRC mortality by 44.1% when compared with no screening. Increasing diagnostic follow-up compliance to 95% can
Introduction
Colorectal cancer (CRC) accounts for 10% of all new cancer cases and is the second leading cause of cancer-related mortality in the United States. Survival from CRC is inversely related to the stage at which the cancer is diagnosed, and it is estimated that the majority of CRC deaths are preventable with early detection (1, 2) . Therefore, regular screening exams can significantly reduce CRC morbidity and mortality, and there is a growing recognition of the importance of CRC screening (3) .
The U.S. Preventive Services Task Force, the American Cancer Society, the American College of Gastroenterology, and the American Gastroenterological Association have all published guidelines for CRC screening (3) (4) (5) . The recent guidelines from the American Cancer Society, the U.S. Multi-Society Task Force on Colorectal Cancer, and the American College of Radiology (6) for the first time recommended that if resources are available, those tests that can both prevent (i.e., identify adenomas) and detect cancer, such as colonoscopy, sigmoidoscopy, and computed tomographic colonography, should be the preferred choice over fecal tests, which are suited only to detect cancers. There are some differences between the published CRC screening guidelines, but they are consistent in the recommendation that screening should begin at age 50 years for all individuals at average risk (7) . The recommendations to provide CRC screening have been incorporated in the health benefits offered by payers including Medicare and private insurers, but there is ongoing debate on the cost-effectiveness and long-term budget effects of the recommended tests. In addition, state health departments and federal agencies are in the planning stages or in early implementation of large-scale screening programs. Therefore, there is a need to provide practical guidance incorporating real-world constraints to inform the clinical and economic outcomes of CRC screening.
A large number of modeling studies have been done to assess the clinical and economic effects of CRC screening (8) (9) (10) (11) (12) . Models have generally assessed the cost-effectiveness of screening the average-risk population who are 50 years or older and have compared costs and outcomes of not screening versus screening with a specific recommended test. The majority of the models to date have assumed ''ideal conditions,'' and effects of CRC screening tests have been assessed only under these conditions. Recently, there has been some interest in understanding the effects under more realistic conditions. For instance, models have assessed the endoscopic capacity available in the United States and the potential supply side barriers, especially those related to screening and diagnostic colonoscopies (13) (14) (15) (16) . In addition, models have attempted to evaluate the cost-effectiveness of recommended tests under both ideal compliance (100%) and more realistic scenarios of much lower levels of compliance. Although attempts have been made to incorporate real-world constraints into models (17, 18) , more rigorous approaches and methods are required to systematically perform such assessments.
In this article, we develop a model that systematically incorporates real-world constraints related to patient compliance and preferences for screening tests to assess the most cost-effective approach to improve outcomes from CRC screening at the population level. Unlike prior assessments, our objective is not to compare which among the recommended CRC screening tests is the most costeffective. Instead, we incorporate patient preferences for screening tests, and the proportion of each test used by the cohort screened in our model is based on those selected by individuals undergoing screening in the real world. We estimate the effect of CRC screening on incidence and mortality given the current level of compliance and identify the most cost-effective approach to increase the benefits from screening at the population level.
Materials and Methods
Framework. Our approach to modeling patient preferences and compliance is drawn from an overall framework that was developed to incorporate real-world constraints. As shown in Fig. 1 , there are three components to this framework: modeling under ideal conditions, modeling incorporating real-world constraints, and guidance for implementation (i.e., analysis to guide policy making and implement findings). The theoretical approach for modeling under ideal conditions serves as the backbone of this framework, and constraints of reality are superimposed on this base model. Several assumptions are made when modeling under ideal conditions, including the following: all tests are substitutes in terms of patient/physician preference; there is 100% compliance with all testing and procedures; there are no capacity constraints in obtaining screening tests, diagnostic procedures, treatments, and surveillance; and sensitivity and specificity of screening tests from specific studies can be generalized to the everyday practice.
To attempt to reflect the real-world situation, the behaviors observed in the everyday practice setting should be reflected in the model. For instance, there is a growing body of literature suggesting that patients generally have clear preferences for specific CRC tests (19) (20) (21) (22) (23) . The features of a particular test, including the ease of the stool sample collection, comfort, accuracy, invasiveness, embarrassment and anxiety over preparation and the test itself, and out-of-pocket cost of the test, are all important factors that determine an individual's choice of CRC test. Therefore, the tests cannot be considered as direct substitutes for each other.
In addition, patient adherence to recommendations is a critical component, and compliance can affect the effectiveness of testing at several points along the cancer care continuum, as shown in Fig. 1 (17, 24) . The currently available capacity is anticipated to support 22.4 million colonoscopies, and several studies have shown that this may be insufficient if there are increasing numbers of screening colonoscopies (25, 26) . It is therefore important to assess testing recommendations in relation to the capacity available to perform both screening and diagnostic colonoscopies. In addition, sensitivity and specificity estimates, complication rates, and technical success (for instance, the ability to achieve complete colonoscopy examination) reported in clinical trials may differ from those experienced in the routine practice (27) (28) (29) (30) . The challenge in incorporating the real-world effectiveness of screening tests is the lack of studies providing these estimates, generally because of the difficulties in designing studies to collect these data accurately. Sensitivity analysis can be done to assess the effect of varying test performance on model results.
Using the real-world constrained model, several types of analysis can be done to guide policy and implement findings as stated in the ''guidance for implementation'' component of the framework. For example, in this study, we assess the effect of screening and diagnostic compliance and patient preference on CRC screening and discuss the policy implications of the findings. Modeling under ideal conditions remains an important component of the framework because this provides the benchmark against which modeling under constraints can be compared. In addition, this allows policy makers to assess what is achievable if constraints are eliminated.
Model Incorporating Patient Preference and Compliance. We developed an agent-based simulation model using AnyLogic software (31) to study the cost and effectiveness of CRC screening. The agent-based model was selected because it allows for a relatively straightforward transition from a cohort study to population estimates. Additionally, this software allows for flexibility in future model development, as complex interactions can be achieved with straightforward modifications.
The model was built to simulate the incidence and mortality rates of CRC in the average-risk population. The model consists of biological, clinical, epidemiologic, and economic components. The disease progression from adenomas to CRC and screening, diagnostic, and treatment pathways were based on a previously published model (32) . Disease progression was modeled with three major stages: the adenomatous stage, which progressed to the preclinical cancer stage, and finally the clinical cancer stage. The clinical stage was assigned when the cancer was clinically detected. The preclinical and clinical cancer stages were subdivided into American Joint Committee on Cancer/International Union Against Cancer stages I through IV.
All cancerous lesions were modeled to originate from adenomas, which were categorized into three size categories: V5, 6 to 9, and z10 mm. Our model allowed for multiple adenomas in one individual. In addition, the model assumed that some adenomas do not progress to cancer by assigning a long average waiting time (80 y) before the adenomas progresses to cancer. Overall, some waiting times are shorter and some are longer, and only the adenomas with very short waiting times progress to cancer in the lifetime of the person modeled. Each person is modeled to have one level of risk to develop nonprogressive and progressive adenomas. The risk index is based on a gamma distribution, and individuals with higher risk indices are more likely to develop lesions. To reflect the adenoma frequency distribution found in autopsies, the variance of the distribution is twice that of the mean (32) . Our model, however, does not take into account the location of the adenoma. We assumed that the prevalence of adenomas was 15% in the 50 to 59 y age group, 27% in the 60 to 69 y age group, and 33% in those 70 y and older on the basis of prior estimates derived from autopsy and colonoscopy studies (32) . Because there are no data sources to provide the rates of progression through cancer stages and the probability of presenting with CRC symptoms, we derived these estimates based on clinically plausible ranges that mimic the CRC incidence and stage distribution reported in the Surveillance, Epidemiology, and End Results in 1988 before the initiation of widespread CRC screening (32) . Based on this calibration, we estimated that the mean duration to move from preclinical stage I to II was 2 y, from stage II to III was 1 y, and stage III to IV was half a year. Mortality by CRC stage was derived in the model based on estimates from the Surveillance, Epidemiology, and End Results data (33) . In addition to CRC-related mortality, individuals could die of other causes as well. Mortality rates for the general population were derived from the life tables published by National Center for Health Statistics publications.
The screening module that allowed for the detection of polyps and cancers was superimposed on this framework of the natural history of CRC. A range of features were included to incorporate patient preferences and compliance in the screening episodes. First, the model allowed for multiple screening tests to be selected and the proportion of the individuals screened by specific tests to be varied. Second, the levels of initial compliance and diagnostic compliance could be varied as required to mimic real-world scenarios. Initial compliance refers to the proportion of the population who initiate cancer screening as recommended by guidelines, whereas diagnostic compliance refers to the proportion who obtain follow-up diagnostic testing as recommended. Third, we also incorporated the ability to either randomly select the population that was compliant at each screening interval or select a subset of the population who were consistently compliant over the long term. This feature was programmed to mimic the real world where a proportion of the population may remain unscreened and never interact with the screening module. In this model, we assumed 100% compliance with treatment and surveillance recommendations.
Average-risk individuals were eligible to receive screening starting at the age of 50 y. The appropriate age at which CRC screening should be discontinued is not known because the choice of screening elderly patients is based on functional status and comorbidities and, therefore, often is an individualized decision (34) . Because screening studies have generally been restricted to patients younger than 80 y, we chose 80 y as the end age for our screening cohort (35) . The choice of screening tests included fecal occult blood test (FOBT), sigmoidoscopy, and colonoscopy. Although there are other screening tests recommended for CRC, we chose to focus on these specific screening tests because they are the most widely used tests based on the most current national data available (19, 36, 37) . The recommended screening frequency is yearly, every 5 y, and every 10 y for FOBT, sigmoidoscopy, and colonoscopy, respectively (4, 5) . Under optimal care, all positive FOBTs and sigmoidoscopies are followed up by a diagnostic colonoscopy. After successful completion of treatment, surveillance colonoscopy was done at 5-y intervals.
Parameter estimates for patient preferences for screening tests and compliance are presented in Table 1 . These estimates are derived from the National Health Interview Survey (NHIS), which is the leading source of health information on the civilian, noninstitutionalized population in the United States (38) (36) received CRC screening tests within the recommended time intervals, but this estimate includes tests received for screening as well as those done to investigate specific symptoms. After excluding the proportion receiving tests for specific symptoms, we estimate that about 45% of the population is compliant with screening recommendations each year. The rates of compliance with follow-up testing for abnormal findings when using FOBT or sigmoidoscopy as the primary screening test were derived from the literature (40) (41) (42) . The proportion of the population estimated to have never received any CRC screening test was derived from studies that analyzed CRC screening compliance using NHIS data (19, 43) . Table 2 presents the base case estimates and ranges used in sensitivity analysis for test characteristics and cost. Information on test sensitivity, specificity, and cost was drawn from the best possible estimates available in the literature (4, 5, 7, 9, 16, 17, 25, 32, 35, (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) . Costs were approached from the perspective of a third party payer; therefore, only direct medical costs were included, and cost estimates were based on payment rates whenever possible.
We performed a series of assessments to compare the current level of screening compliance to the situation when no screening occurs to understand the benefits and cost of the present level of compliance with screening recommendations. We report the incremental cost, gain in life years, cost per life year saved, reduction in CRC incidence, and reduction in CRC mortality. The estimates are based on the current patient preference for screening tests (from Table 1 ). To derive population estimates of mortality from our cohort model, we resample individuals of different ages (the age groups were defined in 1-y increments) to form a nationally representative sample. In scenario 1, we report estimates based on screening compliance rate of 45%. We placed no restriction on the population that could be selected to receive screening tests in subsequent rounds of screening for this scenario. In essence, the cohort that is compliant and receives screening is randomly selected for each round of screening. Under scenario 2, we test the effect of having 35% of the population never receive any screening test. The intent of this was to replicate the real-world setting where some individuals are never screened and assess the effect of this restriction on the cost and benefits of screening. In scenario 3, we present the benefits and cost under the ideal condition of 100% compliance across the cancer care continuum, assuming the preference for screening tests remains the same. We also present the incremental benefits and cost of increasing compliance with initial screening and diagnostic follow-up. These findings can help us understand the optimal distribution of limited funds to further reduce the burden of CRC. We increased the rate of compliance with diagnostic testing to 85% and 95%, while keeping the initial compliance constant at 45%, and report the decrease in mortality that can be achieved and the cost per life year saved. Similarly, we varied the initial compliance from 45% to 95% in increments of 10%, holding the rate of compliance for diagnostic testing at 75%, to assess incremental benefits and cost.
Prior assessments have shown that results from CRC models can be sensitive to changes in the model parameters (11, 35) . Therefore, we report the ''best-case'' and ''worst-case'' scenarios for each estimate obtained to reveal the potential variation that could occur using the ranges of estimates presented in Table 2 . For instance, to model the best-case scenario, we used the upper range values for test performance and lower range values for the cost. Both the costs and effectiveness were discounted at 3% as recommended by guidelines developed for economic models (55). Table 3 presents the results comparing no screening with screening incorporating patient preferences and compliance. The average cost of providing no screening is $1,067 (range, $740-$1,965). This reflects the cost of providing treatment and follow-up for a person diagnosed with colon cancer. With 45% compliance (scenario 1), the average gain in life expectancy is 15.6 days (12.5-18.4 days) at a cost of $10,994 ($2,335-$32,206) per life year saved. This translated to a 39.2% (34.3%-45.3%) decrease in CRC incidence and a 44.1% (36.1%-51.3%) decrease in CRC mortality. If 35% of the population is never screened (scenario 2), then the decrease in CRC mortality is only 39.3% (33.1%-44.8%) and the cost per life year gained is $11,967 ($2,907-$33,110). With similar test preference and 100% compliance along the entire continuum of cancer care (scenario 3), a 79.0% (69.2-85.4%) reduction in CRC mortality is possible at a cost of $12,787 ($3,492-$34,207) per life year saved.
Results
As shown in Fig. 2 , an increase in diagnostic compliance from 75% to 85% results in a 4.7% (2.8-5.9%) decrease in CRC mortality. When diagnostic compliance increases from 75% to 95%, CRC mortality decreases by 9.3% (7.4-11.1%). The base case cost per life year saved (Fig. 3) is $7,560 ($1,309-$32,864) and $5,970 ($1,407-$22,457) for the increase in diagnostic compliance to 85% and 95%, respectively. On the other hand, as presented in Figs. 4 and 5 , a 10% increase in screening compliance from 45% to 55% results in a 12.5% (9.4%-16.4%) decrease in CRC mortality (from the mortality at baseline compliance of 45%) and costs $13,757 ($3,620-$35,855) per life year saved. CRC mortality can be decreased by 50.4% (41.4-59.0%) with an increase in screening compliance to 95%.
Discussion
In this article, we report on the outcomes and cost of CRC screening incorporating current levels of compliance and preferences for screening tests to provide guidance for policy makers based on real-world constraints. With current preferences for screening tests, compliance of 45% for screening tests, and compliance of 75% for diagnostic tests, CRC mortality is reduced by about 44.1% compared with no screening. The model results indicate that the findings are sensitive to how compliance is specified. With the constraint that 35% of the population never receives any screening, the mortality decrease is only about 39.3%. If 100% compliance across the cancer care continuum can be achieved, then a decrease of 79.0% is possible.
Cost-effectiveness under best-and worst-case scenarios was assessed. Under all scenarios, increasing compliance at the population level is cost-effective. Although there is no firmly established threshold for cost-effectiveness, the estimates derived are comparable to those of generally accepted medical interventions (56, 57) . Using the generally accepted cost-effectiveness threshold of $50,000 per life year saved, both increasing compliance with initial screening and diagnostic testing are cost-effective, even for the worst-case scenarios presented. Under budget constraints and limited funding, however, the most efficient approach would be to focus efforts on increasing compliance with diagnostic testing for those already being screened; a 5% decrease in mortality can be achieved for about $7,500 per life year saved. Increasing compliance with initial screening, which is ensuring a higher proportion of the population receives CRC screening, offers more benefit but at a higher cost. A 10% increase in compliance with screening recommendations can result in a reduction in CRC mortality of 12% with an average cost per life year saved of about $14,000, which is almost double the cost incurred for increasing diagnostic compliance. Achieving higher levels of compliance with screening or diagnosis recommendations will not be possible without specific interventions such as targeted education and use of navigators to assist patients to increase adherence. These interventions vary in their effectiveness and can cost as little as $38 per person to more than $200 per person (58) (59) (60) (61) (62) . Under the base case scenarios modeled in this study, costs incurred in this range to increase compliance by 10% will generally be costeffective. However, the model results revealed large variation in cost per life year saved based on the bestand worst-case scenarios, ranging from about $1,300 to $34,000 per life year saved. Under the worst-case scenarios, high cost interventions may not be costeffective assuming a $50,000 threshold to assess costeffectiveness. Additional studies should be done to evaluate the cost-effectiveness of increasing compliance. These studies should incorporate both the cost of the intervention and the increased cost of screening and diagnostic testing with higher rates of compliance. Priority should be given to studies that specifically assess approaches to increase compliance with followup diagnostic testing recommendations. Furthermore, the capacity available to perform both screening and diagnostic testing should be evaluated before initiating any interventions to increase compliance.
Although the increases in compliance were costeffective under all scenarios, there was wide variation in cost per life year saved. Some of this variation was a result of the uncertainty surrounding the test performance of FOBT. This variation was incorporated in the model because there are several tests and they vary substantially in their accuracy for detecting cancers. When the specific type of FOBT is known, whether Hemoccult SENSA (high sensitivity) or Hemoccult II (low sensitivity) for instance, more precise test performance parameters can be incorporated in the model, which will result in a narrower range for the cost per life year saved. Therefore, whenever possible, information on the specific type of FOBT that will be used for screening should be incorporated in the model to generate more precise results. Another source of variation was the cost of FOBT and colonoscopy. If these costs are known, for example, when program administrators prenegotiate payment rates before the implementation of screening programs, cost-effectiveness estimates that are more accurate can be derived. The base case scenario in this study used cost estimates based on Medicare reimbursement, which is the payment rate used by most federal and state-funded CRC screening programs to reimburse for screening services. Therefore, for these screening programs, the base case estimates provided in this assessment will be reflective of the costs they are likely to encounter, and therefore, these estimates can be used to guide decision making.
The framework described in this article incorporates some of the key features necessary for comprehensive modeling of cancer screening scenarios in the real-world settings. However, modeling reality is complex, and the model presented has limitations. First, the model does not incorporate an all-inclusive list of factors that are present in the real-world setting. For instance, we have not incorporated patient compliance with treatment and surveillance testing. Additionally, we have not addressed the issue of physician compliance with recommendations for screening, diagnosis, treatment, and surveillance. Second, we used patterns of CRC screening test use from the NHIS to identify patient preferences, but the selection of specific tests could have been influenced by provider preferences, ease of availability, insurance coverage practices, and other factors. Third, we have not explicitly included all societal costs required to perform economic assessments. The appropriate approaches to incorporate both health care and productivity costs should be considered in future modeling efforts. Fourth, although we attempted to use the best available parameter estimates to populate the model, they may not always be accurate estimates of what occurs in the real-world setting. We have presented estimates for the worst-case and best-case scenarios to allow policy makers to better understand the implication of variations in the parameter estimates.
Economic modeling studies can provide important information for health care decision makers. Models that incorporate real-world scenarios can be especially valuable in offering practical guidance for policy makers. Modeling under ideal conditions is useful in assessing what is theoretically possible but does not offer practical recommendations for implementation. In this article, we have taken the first step by incorporating patient preferences and compliance with screening and diagnostic testing in assessing the cost-effectiveness of CRC screening. Future models should expand on this effort by incorporating additional features present in the real world, including compliance with treatment and surveillance testing.
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